Drugs that stimulate dopamine and glutamate receptors have been shown to induce the expression of AP-1 proteins (such as c-Fos and c-Jun) in the striatum and to induce binding of these proteins to AP-1 sites on DNA, leading to the hypothesis that AP-1-mediated transcription contributes to the long-term effects of these drugs. To examine this hypothesis, we compared the regulation of AP-1-mediated transcription to the inductions of AP-1-binding activity and genes encoding AP-1 proteins in primary cultures of striatal neurons. Although glutamate, dopamine, and forskolin (an activator of adenylate cyclase) all induce c-fos mRNA and AP-1 binding, we found, surprisingly, that only glutamate induces transcription of a transfected AP-1-driven fusion gene. To explore the basis for this discrepancy, we investigated the possibility that the phosphorylation of c-Jun may also be required for AP-1-mediated transcription in striatal neurons. Glutamate, but neither dopamine nor forskolin, raises the levels of phosphorylated c-Jun as well as the activity of a Jun kinase (SAPK /JNK) in striatal cultures. Both the glutamatergic induction of AP-1-mediated transcription and activation of SAPK/JNK appear to be mediated, at least in part, via NMDA receptors. In striatal neurons, the phosphorylation of AP-1 proteins produced by glutamate may be required to convert AP-1 protein expression and binding to transcriptional activation.
Corticostriatal glutamate projections and mesostriatal dopamine projections are the predominant afferents innervating the medium spiny neurons of the striatum. Medium spiny neurons, which make up Ͼ90% of all striatal neurons, project out of the striatum via two major pathways, the striatonigral and striatopallidal pathways. Medium spiny neurons giving rise to the striatonigral pathway express largely D1 dopamine receptors (Gerfen et al., 1990; Le Moine et al., 1991) , which are positively coupled to adenylate cyclase; those giving rise to the striatopallidal pathway express largely D2 dopamine receptors (Gerfen et al., 1990; Le Moine et al., 1990) , which are negatively coupled to adenylate cyclase. Medium spiny neurons in both output pathways also express a variety of NMDA Landwehrmeyer et al., 1995) and non-NMDA (Martin et al., 1993; Tallaksen-Greene and Albin, 1994) ionotropic glutamate receptors as well as metabotropic glutamate receptors .
Stimulation of dopaminergic or glutamatergic receptors on striatal neurons elicits not only short-term physiological responses, but also long-term responses that result from second messenger regulation with subsequent alterations in gene expression. Regulation of gene expression in striatum by dopaminergic drugs has been widely reported, with many groups describing induction of both immediate early genes and neuropeptide genes. For example, the indirect dopamine agonists amphetamine and cocaine have been shown to induce expression of c-fos mRNA and its protein product in striatum in a D1 dopamine receptordependent manner (Graybiel et al., 1990; Young et al., 1991; Nguyen et al., 1992; Konradi et al., 1994) . Both amphetamine (Nguyen et al., 1992) and cocaine (Hope et al., 1992 (Hope et al., , 1994 ) also induce AP-1-binding activity, of which c-Fos is a component, in striatal cell extracts.
Glutamatergic stimulation has been shown to induce mRNAs encoding AP-1 proteins in a variety of neuronal systems, including cultured hippocampal neurons (Lerea et al., 1992 (Lerea et al., , 1993 Bading et al., 1993 Bading et al., , 1995 and cultured cerebellar granule cells (Szekely, 1989) . In primary cultures of cortical and striatal neurons, activation of NMDA receptors results in induction of c-fos, fosB, c-jun, and junB mRNA (Vaccarino et al., 1992; Condorelli et al., 1994) . Glutamate stimulation also results in an NMDA receptordependent increase in AP-1-binding activity in cultured neurons (Condorelli et al., 1994) . In vivo stimulation of NMDA receptors by intrastriatal injection of quinolinic acid results in the induction of Fos protein in the majority of striatal projection neurons (Berretta et al., 1992) .
Overall, there now exists a body of data on the induction of c-Fos and other AP-1 proteins, as well as on AP-1-binding activity by dopaminergic and glutamatergic stimuli in striatum. It has been hypothesized that induction of c-Fos and AP-1 binding in striatal neurons would lead to significant alterations in transcription of AP-1-regulated target genes. However, this hypothesis has not been tested directly. We have undertaken the present study to investigate the mechanisms and transcriptional consequences of those inductions in a primary neuronal culture model system that permits transfection analysis. We report that although glutamate, dopamine, and forskolin all induce c-fos expression and AP-1 binding, only glutamate activates AP-1-mediated transcription. We identify the activation of a Jun kinase (SAPK /JNK) and the phosphorylation of c-Jun as a potential mechanism for the glutamatergic induction of AP-1-mediated transcription. The specificity of the SAPK /JNK signaling cascade for glutamate versus dopamine may have implications for drug action in the striatum in vivo. Moreover, our data raise new questions regarding the involvement of SAPK /JNK pathways in glutamate-regulated developmental, neurodegenerative, and neurotoxic processes in the CNS.
MATERIALS AND METHODS
Primary striatal culture. Primary striatal cell cultures were prepared as described (Konradi et al., 1994) , with the modification that cells were placed in defined media just 4 hr after plating to further curb proliferation of glial cells. The defined medium (DMEM/F12 with B-27 supplementation, Life Technologies, Gaithersburg, MD) includes 1.0 mM calcium, 0.7 mM magnesium, 4.2 mM potassium, and 40 M glutamate. However, as determined by HPLC analysis, glutamate levels in the medium just before drug treatment ranged from 1 to 5 M (Konradi et al., 1996) . Experiments were performed with cells after 5 d in culture. Drugs for treatment of cultures included dopamine (RBI, Natick, MA), glutamate (Sigma, St. Louis, MO; all other glutamatergic agents from RBI), forskolin (Sigma), and 12-O-tetradecanoylphorbol-13-acetate (TPA, Sigma). Glial cell cultures were prepared as with the standard neuronal cultures, except that striatal cell suspensions were seeded onto uncoated six-well tissue culture plates (Costar, Cambridge MA), and cultures were maintained in 10% Nu-serum (Collaborative Biomedical Products, Bedford, MA) media to allow glial growth from sparse (ϳ1% surface coverage) on day 1 in culture to near confluence on day 9 in culture.
Calcium phosphate transfection. A construct containing four consecutive AP-1 elements fused to the luciferase reporter gene was transfected into primary striatal cultures using a serum-free calcium phosphate transfection protocol. The AP-1 core consensus sequence is identical to that described below for the substance P (SP) AP-1 oligonucleotide. Briefly, on day 5 in culture cells were fed with DMEM (Life Technologies) and the conditioned medium was saved and stored at 4°C. To transfect, 5 g of DNA in 80 l of total calcium phosphate precipitate was added to each 35 mm well for 1 hr, at which time cells were washed twice with DMEM, and 1.5 ml of conditioned medium was added back and the cells were returned to the incubator. Drugs were added ϳ36 hr after transfection, and cells were harvested 6 hr after the drug treatments and assayed for luciferase activity. All experiments were performed in triplicate. Overall transfection efficiency ranged between 1 and 5%, determined by cytochemistry after transfection of an RSV-␤gal expression plasmid (data not shown).
Electrophoretic mobility shift assay. Electrophoretic mobility shift assays (EMSA) were performed as described previously (Korner et al., 1989) . Cells were lysed in EMSA buffer containing NP-40 (1%) and the phosphatase inhibitors sodium fluoride (1 M, Sigma) and microcystin (5 M, Life Technologies). Approximately 5 g of protein was loaded per lane. Oligonucleotides were synthesized with an overhang and annealed in the presence of 20 mM NaPO 4 , 1 mM EDTA, and 100 mM KCl. The overhangs of the double-stranded oligonucleotides were then filled in, using Superscript Reverse Transcriptase (Life Technologies), with 32 P-labeled dCTP. All experiments were performed in an excess of probe. The sequence of oligonucleotide used in electrophoretic mobility shift assays was AP-1-human SP promoter or human metallothionein (hMT) promotor, 5Ј-GATCAGCATGAGTCACTTC-3Ј or 5Ј-GATCCGCGTGACTCAGCGC-3Ј, respectively (Konradi et al., 1994) ; CRE, 5Ј-GATCGCTGACGTCAGGG-3Ј (Hoeffler et al., 1988; Hai et al., 1989) ; AP-4 (human proenkephalin gene), 5Ј-GATCGTCAGCT-GCGGG-3Ј (Comb et al., 1988) ; jun2TRE (rat c-jun promoter), 5Ј-AGCTAGCATTACCTCATCCC-3Ј (Morooka et al., 1995) . The overhang is shown in italics, core consensus sequences in bold. Note that the core AP-1 motifs within the SP and hMT promoters are identical on their opposite DNA strands and, thus, the two AP-1 oligonucleotides differ only in flanking sequence. Although the binding patterns of the two AP-1 probes are virtually identical for the experiments described here and previously (Konradi et al., 1993) , the difference in flanking sequence does promote the binding of an additional protein complex to the hMT AP-1 element. This binding complex is nonspecific, because it is not altered by drug treatment or competition with at least 10-fold excess unlabeled probe .
For competition assays, the unlabeled and labeled probes were combined before the addition of lysates, after which incubation was performed at 4°C for 10 min and then at room temperature for 10 min before loading the reaction mixture on a gel. For supershift analysis, antibodies (1 g) together with whole-cell extract proteins (5 g) were incubated in a 30 l volume at 4°C for 10 min, followed by incubation with labeled probe (1 ng) at 4°C for 10 min and then at room temperature for 10 min before loading (25 l). Antibodies used in supershift analysis include those directed against c-Jun (sc-45 X, Santa Cruz Biotechnology, Santa Cruz, CA), ATF-2 (sc-187 X, Santa Cruz Biotechnology), and c-Fos (Ab-5, Oncogene Science, Uniondale, NY).
Northern blot analysis. Northern blot analysis was performed as described . Briefly, cells were lysed in 400 l of NP-40 lysis buffer, and phenol-chloroform extraction was used to isolate the RNA. Equal amounts of RNA (2 g) were loaded per lane. Blots were hybridized with a c-fos or c-jun riboprobe (Gemini system, Promega, Madison, WI). Hybridization of a cyclophilin cDNA probe (Danielson et al., 1988) was used as an internal control.
Western blot analysis. Cells were lysed in their wells as they were thawed on ice in 100 l of a 1ϫ Laemmli buffer. Lysates were sonicated, boiled, separated on polyacrylamide gels, and then electroblotted onto Immobilon-P membranes (Millipore, Bedford, MA). After blocking in 5% milk/0.05% Tween 20 in PBS, the membranes were probed with primary antibody in otherwise identical buffer except with 0.5% milk and 1:10,000 polyclonal anti-SAPK␤ (which cross-reacts with ␣ and ␥ forms) and/or anti-JNK1 (C-17, Santa Cruz Biotechnology), 1:1000 anti-phospho(Ser73)-c-Jun (New England Biolabs, Beverly, MA), 1:2000 anti-c-Jun [Santa Cruz's H-79 was used as NEB's anti-c-Jun antibody (#9162)] did not detect any inducible immunoreactivity), 1:500 anti-phospho-CREB (UBI, Lake Placid, NY), and 1:1000 anti-CREB (New England Biolabs) for 1 hr. After multiple washes membranes, were treated with 1:5000 donkey anti-rabbit IgG (Amersham, Arlington Heights, IL) in the same buffer for 1 hr. After multiple additional washes in the same buffer, except without milk, membranes were processed with ECL reagents per the manufacturer's protocol (Amersham).
For the Western blots with phosphatase pretreatment, each striatal lysate was prepared using 40 l of the immune-complex kinase assay's lysis buffer (see below), except that 400 mM NaCl and 5 M microcystin were included, and that the other phosphatase inhibitors (sodium vanadate and ␤-glycerophosphate) were present at 1/100th their standard concentrations. Calf intestinal alkaline phosphatase (Sigma P-0405, 20 U in 1 l with or without heat inactivation by boiling for 15 min) was added to 20 l of the lysate supernatant, and the mixture was incubated at 37°C for 30 min before stopping the reaction with 6ϫ Laemmli buffer. The Western blot analysis was completed using anti-phospho(Ser73)-c-Jun, as above.
Immune-complex kinase assays. Treatment of striatal cultures was terminated by aspirating off medium, washing once with chilled PBS, aspirating off the wash, and freezing plates in liquid nitrogen followed by storage at Ϫ80°C. The kinase assay was modified from Kyriakis et al. (1994) . Lysis buffer (1 ml / well; 20 mM HEPES, pH 7.4, 2 mM EGTA, 1 mM sodium vanadate, 50 mM ␤-glycerophosphate, 10% glycerol, 1% Triton X-100, 2 M leupeptin, 400 M phenylmethylsulfonyl fluoride, 10 KIU/ml aprotinin, 400 M diisopropyl fluorophosphate, and 1 mM dithiothreitol) was added to the frozen cells, which were thawed and lysed on ice for 15 min. The lysate was spun in a microfuge (15,000 g) for 5 min at 4°C, and the supernatant was transferred to 40 l of 1:1 lysis buffer/ swollen protein A-Sepharose CL-4B beads (Sigma) to which an antikinase antibody had been added. Polyclonal anti-SAPK␤, anti-JNK1(C-17), or anti-p38 (anti-XMpk2) (Rouse et al., 1994) antibodies at 1:1000 final concentration were used. Immunoprecipitation was performed at 4°C, with rotation of samples for 2-12 hr. Beads were washed once in lysis buffer, twice in high ionic strength buffer (500 mM lithium chloride, 100 mM Tris, pH 7.8, 0.1% Triton X-100, and 1 mM dithiothreitol), and three times in kinase buffer (20 mM MOPS, pH 7.2, 10 mM magnesium chloride, 2 mM EGTA, 0.1% Triton X-100, and 1 mM dithiothreitol). To the 20 l of beads with 20 l of overlying kinase buffer was added 20 l of substrate [0.3 mg /ml c-Jun(1-135)-GST or 0.2 mg /ml myelin basic protein (Sigma)] in kinase buffer. The kinase reaction was initiated by adding 15 l of 50 mM magnesium chloride and 125 M total ATP including 4 -10 Ci ␥ 32 P-ATP per sample. After 20 min at 30°C with frequent mixings, the reactions were stopped by the addition of 20 l 6ϫ Laemmli buffer. Samples were boiled 5 min before running on a 12% polyacrylamide gel. Radiolabeled (phosphorylated) Jun substrate was detected in a band corresponding to the predicted 40 kDa using a Phosphorimager detection system (Molecular Dynamics, Sunnyvale, CA; used for all radioassays).
In-gel kinase assay. Striatal Jun kinase activity was characterized by immunoprecipitating SAPK/JNK (with anti-JNK1[C-17] at 1:1000 as in the immune complex kinase assay above). The immunoprecipitated kinase was then resolved electrophoretically under denaturing conditions in a polyacrylamide gel polymerized with 40 g /ml c-Jun(1-135)-GST, renatured, and then incubated in the gel with 100 Ci/ml ␥ 32 P-ATP, as described previously (Cano et al., 1994) .
RESULTS

Glutamate, but not dopamine or forskolin, induces AP-1-mediated transcription
We compared the effects of known inducers of AP-1 binding on transcription of a transfected 4ϫ AP-1 luciferase construct in neuron-enriched striatal cultures derived from embryonic day 18 (E18) rats. The AP-1 sequence used is a consensus sequence found within the promoter of the preprotachykinin gene, which is expressed in D1 dopamine receptor-expressing striatal neurons. Like the phorbol ester TPA (the classic activator of AP-1-mediated transcription), glutamate (100 M) stimulates the activity of the luciferase reporter gene 7-to 10-fold ( Fig. 1 A, B) . This glutamate-induced transcriptional activation is blocked by pretreatment with the NMDA receptor antagonist MK-801 ( Fig. 1 B) . In contrast, dopamine (100 M) and forskolin (a direct activator of adenylate cyclase, 10 M) do not induce transcriptional activation of this AP-1-driven construct. In fact, dopamine and forskolin result in a slight, but reproducible, decrease of luciferase activity to levels below basal ( Fig. 1 A) (data not shown).
Glutamate, dopamine, and forskolin all increase AP-1-binding activity in extracts of the striatal cultures
To investigate whether the inability of dopamine and forskolin to induce Ap-1-mediated transcription results from an inability to induce AP-1 binding in the striatal cultures used here, we measured AP-1-binding activity using EMSA. Glutamate (100 M) induces binding to the consensus AP-1 sequence with peak binding activity occurring after 2 hr of treatment ( Fig. 2 A-C) . The specificity of binding and the relative affinities of the bound proteins for the AP-1 element compared with other DNA binding sites were examined using competition with unlabeled oligonucleotides (Fig. 2 B) . After a 2 hr glutamate stimulation, unlabeled AP-1 (self) competes for the inducible binding at 5-and 10-fold molar excess, whereas the related jun2TRE element and consensus ATF element only compete for binding at 100-fold molar excess. The unrelated AP-4 element does not compete for AP-1 binding, even at 100-fold molar excess (Fig. 2 B) . Formation of the glutamate-induced AP-1 complex is blocked by pretreatment with the NMDA receptor antagonist MK-801 (Fig. 2 D) .
Stimulation by dopamine results in a small but reproducible induction of AP-1 binding, with an increase that also peaks at 2 hr ( Fig. 2 A) . In other experiments, it was observed that dopamine can also induce a modest increase in a slightly more slowly migrating AP-1 complex (data not shown). Many D1 dopamine receptor actions are mediated by the cAMP pathway. In striatum in vivo, ϳ50% of medium spiny neurons express D1 receptors (Gerfen et al., 1990) . Thus, dopamine would only stimulate adenylate cyclase in a subset of the cells in the cultures and perhaps not fully stimulate adenylate cyclase, even in those cells. Forskolin, which directly stimulates adenylate cyclase in a receptorindependent manner and presumably in all cells, thus would be expected to produce a greater activation of the cAMP pathway than would dopamine. Indeed, forskolin (10 M), like glutamate and TPA, results in a robust increase in AP-1 binding that also peaks at 2 hr ( Fig. 2 A, 
C).
Fos and Jun, but not ATF-2, are present in induced AP-1 complexes
Antisera directed against AP-1 proteins were used to investigate the composition of glutamate-and forskolin-induced AP-1 complexes bound to the consensus AP-1 element (Fig. 3A) . Two hours after glutamate or forskolin stimulation, the specific AP-1 complex is recognized and supershifted by c-Fos antibodies, indicating that c-Fos is present in both complexes. With a specific antiserum directed against c-Jun, evidence for inclusion of c-Jun in the AP-1 complex was detected reproducibly in extracts of striatal neurons that had been treated with glutamate. A small supershifted complex associated with a diminution in the specific band is observable after glutamate and, to a lesser extent, after forskolin stimulation. The ability of this antibody to recognize adequately the c-Jun component of AP-1 complexes was verified by nearly complete supershifts of the labeled AP-1 probe incubated in the presence of synthetic c-Jun and c-Fos prepared in reticulocyte lysates (data not shown).
Because AP-1 complexes may differ in their abilities to activate transcription depending on which Jun family members they con- tain, we also tested antibodies to other members of the Jun family. Although anti-JunD antibodies disrupt formation of glutamateand forskolin-induced complexes proportionally, anti-JunB antibodies (at two concentrations) reduce levels of AP-1 complexes induced by forskolin to a greater extent than those induced by glutamate (Fig. 3C) . The diminutions in these specific bands correspond to the appearance of probable supershifted complexes. Although faint, these more slowly migrating complexes appear of increased intensity after glutamate treatment using anti-JunD antibodies and after forskolin treatment using either anti-JunD or anti-JunB antibodies. These data suggest that although glutamate and forskolin similarly enhance the formation of AP-1 complexes that recruit JunD (which is constitutively present in striatal neurons) (data not shown), forskolin, to a greater extent than glutamate, induces JunB as a component of these complexes.
Antibodies specifically directed against another protein, ATF-2, do not recognize the complexes binding the consensus AP-1 element (Fig. 3A) , although they supershift completely a complex binding to a jun2TRE oligonucleotide probe (Fig. 3B) . The jun2TRE is a variant AP-1 promoter element, which binds preferentially c-Jun /ATF-2 heterodimers instead of c-Fos /c-Jun heterodimers (van Dam et al., 1993) .
Glutamate, dopamine, and forskolin induce c-fos mRNA
The inductions of Fos-containing AP-1 complexes may be attributable to inductions of c-fos gene expression. We have shown previously that dopamine induces c-fos mRNA in primary cultures of striatal neurons in a D1 dopamine receptor-dependent fashion (Konradi et al., 1994; Cole et al., 1995) (Fig. 4C ) . Forskolin (10 M) produces an even stronger induction of c-fos mRNA. Glutamate (100 M) also induces c-fos mRNA in the cultures (Fig.  4 A, B) . The increase in c-fos mRNA stimulated by glutamate peaks after 30 -90 min and returns to basal levels by ϳ6 hr. A similar time course of c-fos mRNA induction was observed after dopamine or forskolin stimulation. These inductions of c-fos mRNA, which precede those of AP-1 binding, support further the possibility that increased c-Fos levels account, at least in part, for the increased AP-1 binding observed in striatal cultures after stimulation of both glutamatergic and dopaminergic pathways. A, AP-1 binding in striatal extracts after stimulation with dopamine (DA, 100 M), glutamate (Glu, 100 M), forskolin (Forsk, 10 M), and TPA (100 nM) for 2 hr. Controls (dash) are from untreated cells. B, The specificity of AP-1-binding activity was determined by gel-shift competition experiments with striatal extracts 2 hr after glutamate stimulation. Unlabeled AP-1 (self ), the related oligonucleotides for jun2TRE and CRE, and the unrelated AP-4 element display decreasing potencies, respectively, in their abilities to compete for the upper binding complex (specific band). In addition to the specific band, two less-specific, faster-migrating complexes can be observed (arrowheads). These binding complexes are present in untreated cell extracts and are not glutamate-inducible (see Fig. 3 ). These complexes are not competed effectively by addition of unlabeled self but can be competed by all the oligonucleotides, including the unrelated AP-4 element, at 100-fold molar excess. C, Time courses of glutamate-and forskolininduced AP-1 protein binding. After glutamate stimulation, AP-1 binding is induced with a peak at 2-4 hr. Forskolin induction of AP-1 binding is more robust and peaks at 2 hr. D, The induction of AP-1 binding by glutamate stimulation can be blocked by the NMDA receptor antagonist MK-801 (1 M, added 10 min before glutamate). All data are representative of at least three independent experiments. All experiments were performed with the SP AP-1 oligonucleotide probe.
Glutamate, but not dopamine or forskolin, increases c-jun mRNA levels
Although the c-fos promoter contains multiple cAMP response elements (CREs) (Berkowitz et al., 1989; Fisch et al., 1989 ) and a serum response element (SRE), which may account for the inductions of c-fos mRNA by dopamine, forskolin, and glutamate (see Discussion), the c-jun promoter contains neither a CRE nor an SRE. Rather, major regulatory targets for extracellular signals within the c-jun promoter are two TPA response elements, the jun1TRE and jun2TRE (Angel et al., 1988; van Dam et al., 1995) . In contrast to c-fos mRNA, c-jun mRNA is not increased in response to either dopamine or forskolin in the striatal cultures (Fig. 4 B, C) , although we have shown previously that junB mRNA is induced by dopamine in these cultures (Konradi et al., 1996) . Unlike dopamine and forskolin, glutamate markedly increased levels of c-jun mRNA with a nearly ninefold induction observed at 60 -90 min (Fig. 4 A) . The specificity for glutamate of the induction of c-jun mRNA may account for the greater induction of a c-Jun component in the AP-1-binding complex by glutamate compared with forskolin (Fig. 3A) .
Glutamate, but not dopamine or forskolin, increases phosphorylated c-Jun
We have demonstrated that in striatal cultures, dopamine, forskolin, and glutamate all induce c-fos expression followed by increased binding of a Fos-containing AP-1 protein complex to consensus AP-1 sites. Surprisingly, however, only glutamate increases transcription through this AP-1 element, indicating that the induction of AP-1 binding does not suffice to induce AP-1 transcription. In several non-neuronal cell types, AP-1-mediated transcription has been shown to require the phosphorylation of proteins within AP-1 complexes (Binétruy et al., 1991; Deng and Karin, 1994) . Phosphorylation of c-Jun on Ser-63 and Ser-73 within its N-terminal activation domain has been shown to enhance markedly its ability to activate transcription without affecting its ability to form dimers or bind DNA (Dérijard et al., 1994; Karin, 1995) . We investigated whether the levels of phosphorylated c-Jun correlate with the inductions of AP-1-mediated transcription in striatal cultures. Using an antiserum that recognizes phospho(Ser73)-c-Jun, but not the dephosphorylated form, Western blot analysis demonstrates that glutamate increases levels of phospho(Ser73)-c-Jun-like immunoreactivity in three bands with approximate molecular weights of 40, 43, and 45 kDa, which correspond to the range of reported molecular weights of c-Jun (Lamph et al., 1988) (Fig. 5A) . The uppermost induced band (ϳ45 kDa) likely represents phospho-c-Jun, because it coincides in molecular weight with the major immunoreactive band for total (unphosphorylated and phosphorylated) c-Jun (Fig. 5 A, B , bottom blots) and with a similarly induced band of phospho(Ser63)-c-Jun immunoreactivity (data not shown). Furthermore, the induced band at ϳ45 kDa (but not at ϳ43 kDa) was eliminated by phosphatase treatment of lysates (see Materials and Methods), indicating that it represents a phospho-antigen. This putative 45 kDa phospho-c-Jun band increases within 30 min and peaks after 60 -90 min of glutamate treatment (Fig. 5B, top blot) . Increases in total c-Jun protein were also induced by glutamate, but did not appear before 1 hr and did not peak until 3 hr of glutamate treatment (Fig. 5B, bottom blot) . Thus, although a rise in c-Jun protein may be contributing to increased levels of phospho-c-Jun measured at later time points, it cannot account for the initial increase in phospho-c-Jun levels.
Dopamine and forskolin, which fail to increase AP-1-mediated transcription (see Fig. 1 ), also fail to elevate levels of phospho-cJun at 45 or 90 min (Fig. 5A) . In these cultures, however, forskolin is capable of raising levels of Ser 133 phosphorylated CREB (CRE binding protein), which, like c-Jun, is a member of the superfamily of basic leucine zipper transcription factors (Fig. 5C ). Interestingly, glutamate increases levels of phospho-CREB in striatal cultures, although to a lesser extent than forskolin. Glutamateinduced phosphorylation of CREB may reflect the known effects on this transcription factor of calcium /calmodulin-dependent protein kinases (Sheng et al., 1991) or the Ras-MAPK pathway (Xing et al., 1996) .
Glutamate, but not dopamine or forskolin, activates SAPK/JNK
Phosphorylation and activation of c-Jun results from the action of JNK, also called SAPK, because it was shown initially to be activated by cellular stressors such as ultraviolet radiation, heat shock, and hyperosmolar conditions (Dérijard et al., 1994 . SAPK /JNK is a member of the MAPK / extracellular signal regulated kinase (ERK) family of protein kinases, the mammalian members of which include the ERKs, p38, and SAPK /JNK. SAPK /JNK comprises several gene products called SAPK␣, ␤, and ␥ in the rat and JNK1 and JNK2 in humans (Kyriakis and Avruch, 1996) . In addition to cellular stressors, the inflammatory cytokines IL-1␤ and TNF␣ have been shown to activate both SAPK /JNK and p38 (Freshney et al., 1994; Han et al., 1994; Rouse et al., 1994) . SAPK /JNK also can be activated by stimulation of muscarinic acetylcholine receptors expressed by stable transfection of a fibroblast cell line (Mitchell et al., 1995) .
We investigated whether the activation of SAPK /JNK might account for the phosphorylation of c-Jun and the activation of AP-1-mediated transcription in cultured striatal neurons. Glutamate rapidly increases SAPK /JNK activity, as measured by in vitro Figure 4 . Glutamate, dopamine, and forskolin all induce c-fos mRNA, whereas only glutamate induces c-jun mRNA. A, Northern blot analysis for c-jun mRNA and c-fos mRNA induced by glutamate (100 M). c-jun mRNA levels peak at an 8.5-fold induction 1.5 hr after glutamate stimulation. The more rapidly and more highly inducible c-fos mRNA peaks at 65-fold induction. Mean values Ϯ SEM represent percentages of control levels (n ϭ 3). B, C, Time courses for the effects of glutamate (100 M), forskolin (10 M), and dopamine (100 M) on c-jun, c-fos, and cyclophilin mRNA. Northern blots were first hybridized with a c-jun riboprobe (3.2 and 2.5 kb transcripts), stripped, rehybridized with a c-fos riboprobe (2.2 kb transcript), and then hybridized for the third time with a cyclophilin cDNA probe. Cyclophilin (cyclo) mRNA was used as an internal loading control. All data are representative of at least three independent experiments. phosphorylation of a c-Jun N-terminal substrate by anti-SAPK / JNK immunoprecipitates from treated cells (Fig. 6 A) . The antibodies used to immunoprecipitate SAPK /JNK activity recognize two major bands on Western blots prepared from lysates of striatal cultures (Fig. 6 B) corresponding to the 54 and 46 kDa isoforms of SAPK /JNK (Hibi et al., 1993; Dérijard et al., 1994; Kyriakis et al., 1994) . The lack of alteration of SAPK /JNK protein levels during the period when its activity is maximally increased suggests that increased activity is attributable to a posttranslational modification of the kinase rather than increased protein levels. In-gel kinase assays (Fig. 6 B) demonstrate that the glutamate-inducible c-Jun kinase activity in lysates of primary striatal culture corresponds to proteins of the predicted sizes, with the 46 kDa form predominating.
SAPK /JNK activation is maximal (typically two-to threefold over basal levels) 45 min after initiation of treatment with glutamate (100 M) or 15-45 min before the maximal glutamatergic induction of phospho-c-jun levels (Figs. 5B, 6A) . The kinase activation is prolonged, returning to baseline over 6 hr. To address the question of whether kinase activation becomes desensitized under these conditions, the medium was repleted with additional glutamate (100 M) 45 min before the end of a 6 hr incubation. This second addition led to a modest induction of SAPK /JNK activity, closer to the basal than the maximally activated level (Fig. 6 A, last lane) . This result suggests that even if the decrease in SAPK /JNK activity over 6 hr is partly attributable to loss of glutamate from the medium, there also appears to be desensitization of the glutamatergic activation of SAPK /JNK.
Among the major neurotransmitters known to act on striatal neurons, only glutamate activated SAPK /JNK. Neither dopamine nor carbachol, an agonist at muscarinic acetylcholine receptors, increased SAPK /JNK activity (Fig. 6C) . In fact, dopamine as well as forskolin slightly but consistently decreased activity in primary striatal cultures to levels below basal (Fig. 6 B, C) (data not shown), as they had for levels of AP-1-mediated transcription (Fig. 1 A) . To assess the possibility that a neurotransmitter other than dopamine or acetylcholine might be released from cells in the cultures in response to glutamate and then, in turn, activates SAPK /JNK, we also measured the effect of glutamate in cultures treated with tetrodotoxin, at a concentration (1 M) that prevents action potential propagation. Tetrodotoxin had no effect on the glutamatergic activation of SAPK /JNK (data not shown), suggesting that glutamate acts directly on the cells in which the kinase is activated, rather than by relying on the release of an intermediary neurotransmitter.
Another proline-directed MAPK family member, p38, is closely related to SAPK /JNK and has been shown to be activated by the same cellular stresses, proinflammatory cytokines, and intracellular signaling cascades that activate SAPK /JNK (Freshney et al., 1994; Han et al., 1994; Rouse et al., 1994; Lin et al., 1995; Minden et al., 1995) . Indeed, in primary cultures of striatal neurons, both p38 and SAPK /JNK activities increase three-to fourfold after exposure to hyperosmolar conditions with 300 mM mannitol (Fig. 6C) , which also raised phosphorylated c-Jun levels (Fig. 5A) . p38 Activity was measured by in vitro phosphorylation of a myelin basic protein substrate by anti-p38 immunoprecipitates from treated cells. Surprisingly, p38 activity was not increased by glutamate in striatal neurons, even when measured in the same lysates that contained elevated SAPK /JNK activity.
Glutamate activates SAPK /JNK with a high-potency (EC 50 ϳ 20 M) (Fig. 7A ) (data not shown) and a pharmacological profile typical of the NMDA subtype of ionotropic glutamate receptors (Fig. 7B) . Although NMDA and the non-NMDA ionotropic glutamate receptor agonist kainate both strongly induce SAPK /JNK Figure 5 . Elevation of phosphorylated c-Jun levels by glutamate, but not by dopamine or forskolin. A, Western blots probed with antiphospho(Ser73)-c-Jun (top) and anti-c-Jun (bottom) antibodies performed on the same lysates of striatal cultures treated with or without glutamate (100 M), dopamine (100 M), or mannitol (300 mM) for the times indicated. B, Western blots probed as in A on lysates of striatal cultures treated with glutamate (100 M) for the times indicated. C, Western blots probed with anti-phospho-CREB (top) and anti-CREB (bottom) antibodies performed on lysates of striatal cultures treated as in A. In A-C, the same blot was probed with antibodies directed toward the phosphorylated transcription factor and then reprobed with the antibodies directed toward the total form. The positions of flanking molecular weight markers are indicated on the right. All results were consistently reproducible in independent experiments. activity in the cultures, NMDA antagonists are much more effective than a non-NMDA antagonist in blocking activation by glutamate, the presumed neurotransmitter. Specifically, the noncompetitive NMDA receptor blocker MK-801 and the competitive blocker APV almost completely block the glutamate-(and NMDA-) induced activation of SAPK /JNK. DNQX, a competitive non-NMDA ionotropic glutamate receptor antagonist, has no effect on the NMDA-induced activation and only slightly (but reproducibly) reduced the glutamate-induced activation. Stimulation of SAPK /JNK activity by kainate, however, is minimally attenuated by the NMDA antagonists and is completely blocked by DNQX. The metabotropic glutamate receptor agonist tACPD has no effect on SAPK /JNK activity.
We considered the possibility that NMDA receptors might be expressed by some glia as well as by neurons under conditions of culture. Although our cultures are highly neuron-enriched, containing ϳ95% neurons based on staining with neuron-specific enolase and GFAP antisera (Konradi et al., 1996) , we investigated the possibility that glia might contribute to the SAPK /JNK activation by comparing our standard cultures with pure cultures of striatal glia. These glial cultures are grown from the same striatal cell suspensions used to generate the predominantly neuronal glutamate-responsive cultures. Although SAPK /JNK activity was robustly induced in both neuron-enriched and glial cultures by mannitol (Fig. 7C) , only the neuronal cultures responded to glutamate. Figure 6 . Rapid and specific activation of SAPK /JNK by glutamate. A, Immune-complex kinase assay for SAPK /JNK activity at different times after treatment of primary striatal cultures with glutamate (100 M). The bands indicate c-Jun(1-135)-GST substrate (ϳ40 kDa) that was phosphorylated by anti-SAPK /JNK immunoprecipitates before separation in a polyacrylamide gel. The last lane shows the reaction product using cells that were treated with an additional 100 M glutamate for the last 45 min of a 6 hr treatment. Fold increases are shown above each lane. B, On the left, a Western blot for SAPK /JNK performed on lysates of untreated striatal cultures and those treated with glutamate (100 M) for 1 or 2 hr. On the right, an in-gel kinase assay on anti-SAPK /JNK immunoprecipitates from striatal cultures. The phosphorylation of c-Jun(1-135)-GST substrate, which had been incorporated into the polyacrylamide gel, was performed in the gel after separation of immunoprecipitate components. When parallel in-gel kinase assays were performed without c-Jun substrate polymerized into the gel, kinase activity was reduced Ͼ100-fold (data not shown). The positions of flanking molecular weight markers are indicated for A and B. C, Comparison of immune-complex kinase assays for SAPK /JNK activity (top graph; using c-Jun(1-135)-GST as substrate) and p38 activity (bottom graph; using myelin basic protein as substrate) in immunoprecipitates of striatal cultures. In B (right) and C, treatments lasted 45 min with glutamate (Glu), dopamine (DA), and carbachol (Carb) at 100 M; forskolin (Fors) at 10 M; and mannitol (Mann) at 300 mM. The data in A and B were typical of at least three experiments. The data in C were pooled from two experiments, with n ϭ 6 (except for the forskolin group, in which n ϭ 3); * greater than control, with p Ͻ 0.05; ** less than control (by 10%), with p Ͻ 0.05.
DISCUSSION
We provide evidence that in primary cultures of striatal neurons, glutamate increases SAPK /JNK activity, phospho-c-Jun levels, and transcription of both a transfected AP-1-driven reporter construct and an endogenous AP-1 ( junTRE)-driven immediate early gene, c-jun. Moreover, the sequential time courses of these events and their specificity for glutamate over dopamine or forskolin support a role for the SAPK /JNK pathway in the glutamatergic activation of AP-1-regulated genes. We propose that SAPK /JNK activation and the associated rise in phosphorylated c-Jun levels may mediate the glutamatergic induction of AP-1-mediated transcription in these neurons and, in addition, that glutamatergic stimulation may convert AP-1 binding induced by other neurotransmitters into a transcriptionally active form.
Glutamatergic activation of SAPK/JNK
SAPK /JNK, a critical mediator of responses to a variety of cellular stressors and inflammatory cytokines (Kyriakis and Avruch, 1996) , was first cloned from fetal brain (Dérijard et al., 1994) , and at least one isoform appears to be expressed exclusively in the CNS (Mohit et al., 1995) . However, SAPK /JNK regulation has not been described previously in the nervous system. Here, we demonstrate that glutamate, a major excitatory amino acid neurotransmitter, activates SAPK /JNK and several of its transcriptional targets in neuron-enriched cultures from E18 striatum.
The pharmacological profile of the glutamatergic activation of SAPK /JNK demonstrates prominent involvement of an NMDA receptor. However, this action of glutamate is also mimicked by a non-NMDA ionotropic receptor agonist and is partially blocked by a non-NMDA receptor antagonist, suggesting the involvement of a non-NMDA receptor component as well. Non-NMDA receptor activation can lead to membrane depolarization that may relieve the voltage-dependent Mg 2ϩ block of NMDA receptors and, in doing so, may enhance NMDA receptor activation attributable to low levels of ambient glutamate in the culture medium. Alternatively, there may be a component of NMDA receptorindependent glutamate activation of this pathway. In addition, a single hybrid receptor comprising NMDA and non-NMDA receptor subunits (Henley et al., 1992) could account for the observed pharmacology (Marin et al., 1993) .
The neurotransmitter activation of SAPK /JNK in striatal neurons appears specific for glutamate, with neither dopamine nor a muscarinic agonist displaying any stimulatory effect. Indeed, SAPK /JNK regulation provides an opportunity for an antagonistic interaction between dopamine and glutamate, because dopamine slightly reduces basal SAPK /JNK activity. Activation of the cAMP pathway may mediate this dopaminergic inhibition, because forskolin also decreases basal SAPK /JNK activity in striatal cultures and has been shown to inhibit stimulated SAPK /JNK activity in T lymphocytes (Hsueh and Lai, 1995) . However, depending on the sequence of events, the possible interactions are complex.
The selectivity of the glutamate stimulation for SAPK /JNK versus p38 in the striatal cultures differs from the parallel activation of these kinases by cell stress or cytokines. The basis for the previously reported coordinate regulation of SAPK /JNK and p38 may involve upstream kinases that utilize p38 as well as SAPK / JNK as their substrates. Indeed, the best-characterized SAPK / JNK kinase (known as SEK1) phosphorylates p38 as well . However, Moriguchi et al. (1995) presented biochemical evidence that SEK1 may make up only a minor component of the total SAPK /JNK kinase activity induced by cellular stress. Moreover, they identified several distinct kinase activities that show substrate specificity for SAPK /JNK over p38. Thus, glutamate may activate a unique SAPK /JNK kinase, which, in contrast to SEK1, is selective for SAPK /JNK versus p38. C, The effects of glutamate (100 M) and mannitol (300 mM) for 45 min on SAPK /JNK activity measured by immune-complex kinase assay in standard (predominantly neuronal) striatal cultures (left) and glial striatal cultures (right). E18 striatal cell suspensions were seeded onto cell culture plates with or without a precoating of polyethylenimine for neuronal or glial cultures, respectively. Glial cells were cultured for 9 d in the presence of fetal calf serum until near confluent. Standard neuronal cultures (normally incubated in the presence of serum-containing medium for Ͻ1 d before it is replaced with defined medium) that were incubated instead in serum-containing medium still displayed a two-to threefold induction of SAPK /JNK activity with glutamate (data not shown).
The known neurotoxic effects of glutamate and NMDA raise the possibility that the SAPK /JNK activation is secondary to membrane damage or metabolic insult. For example, glutamate and NMDA induce marked swelling of striatal neurons (Colwell et al., 1996) , and membrane stretching has in fact been shown to activate SAPK /JNK in cardiac myocytes (Komuro et al., 1996) . However, glutamate at a concentration of 100 M, which maximally activates SAPK /JNK (Fig. 7A) , does not produce signs of cellular toxicity or death in our striatal cultures (M. Schwarzschild and S. Hyman, unpublished observations). Others have also reported minimal or no toxicity of glutamate in similar short-term cultures of striatal neurons (Galarraga et al., 1990) . In addition, the selectivity for glutamate at this concentration for SAPK /JNK over p38 argues further for a more discrete mechanism of SAPK / JNK activation by glutamate. Whether this regulation is mediated by cation influx, traditionally associated with NMDA receptor signaling, or by more recently identified direct coupling of NMDA receptors to potential signaling proteins (Niethammer et al., 1996) remains to be explored.
Regulation of AP-1 proteins and their DNA binding activity
Glutamate and dopamine differentially regulate c-fos and c-jun mRNA in rat striatal neurons in culture. Although both neurotransmitters induce c-fos mRNA, only glutamate induces c-jun mRNA. This is likely attributable to differences in the cisregulatory elements located in the promoter regions of these genes. The c-fos promoter contains an SRE that can mediate glutamatergic induction of c-fos mRNA (Xia et al., 1996) . It also contains several CREs, which likely mediate the effects of dopamine and forskolin (Konradi et al., 1994) and may, in addition, contribute to the calcium-dependent effects of glutamate (Sheng et al., 1990; Xing et al., 1996) .
In contrast, c-jun expression appears to be regulated through TREs rather than through a CRE or SRE. The c-jun promoter elements jun1TRE and jun2TRE share homology with the consensus AP-1 element, bind AP-1 proteins (Angel et al., 1988; Stein et al., 1992; Rozek and Pfeifer, 1993) , and are differentially involved in the induction of c-jun by phorbol esters, E1A protein, and UV irradiation (Angel et al., 1988; Devary et al., 1991; Stein et al., 1992; van Dam et al., 1993) . Although the proteins binding to jun1TRE have not been characterized fully, the jun2TRE has been shown to preferentially bind a heterodimer composed of c-Jun and ATF-2 proteins (Morooka et al., 1995; van Dam, 1995) . Because c-Jun and ATF-2 both can be phosphorylated and activated by SAPK /JNK (Hibi et al., 1993; Dérijard et al., 1994; Gupta et al., 1995) , the glutamate-specific induction of c-jun mRNA in our cultures may be mediated by the activation of SAPK /JNK.
Differential regulation of AP-1-mediated transcription
In contrast to glutamate, dopamine and forskolin do not stimulate AP-1-mediated transcription, despite their ability to induce AP-1 binding. These results indicate that in striatal neurons, an induction of AP-1 binding does not necessarily produce transcriptional activation. A simple interpretation of this dissociation might suggest that the AP-1 binding complexes induced by dopamine or forskolin stimulation are transcriptionally inactive. Increased transcription through the AP-1 site may require the phosphorylation of AP-1 complex components, one example of which is provided by glutamate activation of SAPK /JNK and phosphorylation of c-Jun. Alternatively, because supershift analysis suggests that c-Jun is not a major component of the AP-1 complex induced by forskolin, acute activation of cAMP pathways may promote pairing of c-Fos with inhibitory partners. For example, dopaminergic stimulation of these cultures has been shown to induce junB mRNA (Konradi et al., 1996) , which is not activated by SAPK / JNK (Karin, 1995; Kallunki et al., 1996) . Indeed, our data suggest that forskolin preferentially induces JunB rather than c-Jun in AP-1 complexes, whereas glutamate may induce c-Jun to a greater extent than JunB in these complexes.
Other inhibitory effects of cAMP in striatal cell culture may contribute to their lack of efficacy for stimulating AP-1-mediated transcription. Inhibition could occur upstream of AP-1 protein phosphorylation at the level of SAPK /JNK, where we and others have identified an inhibitory effect of cAMP signaling (as described above). Conversely, cAMP-mediated inhibition of AP-1 transcription may occur downstream of c-Jun phosphorylation at the level of CREB binding protein, which mediates transcriptional activation through AP-1 as well as through CRE sites (Kamei et al., 1996) .
The inability of dopamine or forskolin alone to induce AP-1-mediated transcription was observed in primary striatal cultures, which are necessarily devoid of the dopaminergic and glutamatergic afferents that exist in the intact striatum. However, indirect dopamine agonists such as cocaine and amphetamine and dopamine receptor antagonists such as haloperidol may act in vivo to modulate glutamate-induced AP-1 transcription. Interactions between dopamine and glutamate are suggested by the close anatomic arrangement of corticostriatal and nigrostriatal nerve terminals synapsing on the dendritic spines of striatal neurons (Freund et al., 1984; Smith and Bolam, 1990) . In addition, pharmacological evidence implicates glutamate receptors in cocaineand amphetamine-induced gene expression in the striatum (Snyder-Keller, 1991; Ohno et al., 1994; Wang et al., 1994; Konradi et al., 1996) . Thus, our findings in culture raise additional questions about the in vivo interactions of excitatory amino acids with endogenous and exogenous dopaminergic signals. For example, dopaminergic psychostimulant and antipsychotic drugs might raise the levels of AP-1 transcription factors in the intact striatum in a manner that primes or amplifies a subsequent glutamatergic induction of AP-1 transcriptional effects.
Our findings also raise the possibility that SAPK /JNK, as well as its AP-1 targets, plays a role in physiological and pathological effects of glutamate. Recently, SAPK /JNK activation has been shown under certain circumstances to be essential for apoptotic cell death (Xia et al., 1995; Verheij et al., 1996) . For example, in a cell line bearing similarities to sympathetic neurons, SAPK / JNK-dependent apoptosis is induced by withdrawing neurotrophic factor support (Xia et al., 1995) . These results, together with our own, lead to the hypothesis that SAPK /JNK may mediate the glutamate-induced cell death implicated in both normal neural development and neurodegenerative disease. Interestingly, riluzole, an antagonist of postsynaptic glutamate function used clinically to slow progression of amyotrophic lateral sclerosis (Bensimon et al., 1994) , completely blocks the glutamatergic induction of SAPK /JNK and phospho-c-jun in our system (M. Schwarzschild and S. Hyman, unpublished results). Because cytoskeletal proteins, in addition to transcription factors, can also serve as substrates for this kinase (Kyriakis and Avruch, 1990) , the NMDA-dependent glutamatergic activation of SAPK /JNK observed here in embryonic striatal neuron cultures may also be relevant to NMDA-dependent changes in neuronal connectivity observed during development (Scheetz and Constantine-Paton,
